June 8-12, 2009 at Brookhaven National Laboratory

Hadronic fluctuations at non-zero density ...

Christian Schmidt

Universitat Bielefeld




h International Workshop On

ritical Point and Onset of Deconfinement (CPOD)

June 8-12, 2009 at Brookhaven National Laboratory

Hadronic fluctuations at non-zero density ...
... an approximation by Taylor expansion
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Plan:
|. Introduction to the Taylor expansion method
2. Baryon number, strangeness and electric charge fluctuations

3. Correlations among charges




Lattice QCD at non-zero temperature (and density)

* QCD partition function:

Z(V,T,p) = /DAD?,bD?,b exp{—SEg} -/“-

1/T
SE—/ dmO/dazﬁE(Agbv,b,u ..
1%

—> Monte Carlo integration: l
~ 10° lattice points,

\\%9@" =

~ 108 degrees of freedom T ~_QeHOCHBNL -

20 Teraflops _—

e Geometry of space-time: N2 X N; (4d - torus)

account for:

* finite volume effects N;/N; > 4
* dimension 4 operatoren

—> rather large lattice spacings

—> use improved action (p4fat3)




Lattice QCD at non-zero temperature (and density)

* direct MC-simulation for 4 > 0 not possible

Z(V,T.1) = [ DADYDY exp{Sr(A,v,%) - BSc(4)}

— /DA det[ M| (A, ;1) exp{—BSc(A)}

Interpretation as probability

complex for w >0 distribution is necessary for
MC-integration

perform a Taylor expansion
around u = 0




The Taylor expéh’s’ion method

e start from Taylor expansion of the pressure,

D 1
i = 77 In Z(V, T, pu, fds fts) = Z Ci,j,k
i7j7k

* calculate expansion coefficients for fixed temperature

. the convergence region
* no sign problem: T hod | remains to be determined
all simulations are doneatu = 0 method works

1 1 for small pu /T non-perturbatively

u,d,s
idk = oy -—__
’ gl VT3 ~ 190MeV quark-gluon
991 9% In Z plasma

' w\if( 2] . deconfined,
() 0(FF)o(z)x P X-Symmetric

hadron gas
* method is straight forward: confined,

all terms can be generated automatically X-broken color-

superconductor
Allton et al., PRD66:074507,2002;

Allton et al., PRD68:014507,2003; . .
Allton et al, PRD71:054508,2005. few times nuclear B

matter density




The Taylor expéh'Sion method

u,d,s

* use unbiased, noisy estimators to calculate ¢’ i ik

—see C. Miao, CS, PoS (Lattice 2007) | 75.

* line of constant physics: mg = mg/10

(physical strange quark mass)

®* measure currently up to

O(p®) «— (Ny=4)
O(u*) «— (Nt =6)

d
* expansion coefficients c °® are related

O(p/T*)

e O(up/T)

O(p/T*)

O(us/T)

O(p/T*)

Ipq/T)

7,k
1

3(nu + ng + ng)

S

1

2u_ -~ Its
3(n ng — Ns)

to B,S,Q-fluctuations

1 n 2
o, SMB SILLQ
1 1
Hd SMB SMQ
1 1

Hs g:uB — g:uQ — HUS

* choice of py = pg is equivalent to pug =0




B,Q,S fluctuations (at p =0)

M. Cheng et al., PRD 79 (2009) 074505
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— general pattern can be understood by the singular behavior of the free energy
C
T,

| a~ —0.25

B
X2nN|

ijgdominated by the regular part, deevelops a cusp.

* We define fluctuations of charge X as

X
6




B,Q,S fluctuations (at i > 0 )
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— evidence for a critical point?

Seeing ,,true’ singular behavior as a signal for a critical
point requires large volumes and high order Taylor expansions




B,Q,S fluctuations (at i > 0 )
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— evidence for a critical point?

Seeing ,,true’ singular behavior as a signal for a critical
point requires large volumes and high order Taylor expansions




B,Q,S fluctuations (at u > 0 )

Contour plots:

Taylor 6th order: Pade [2,2]:
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— does resummation of coefficients help ?
similar results have been obtained by Gavai, Gupta, PRD 78 (2008)114503.




agreement with free gas

results for T>1.5Tc
qualitative agreement with

the resonance gas below Tc

small cut-off effects




Hadronic Correlations (at > 0 )
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Hadronic Correlations (at > 0 )
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Radius of Convergence

Method to determine the CEP:

* find largest temperature were all expansion
coefficients are positive - TCEP

e determine the radius of convergence at that
temperature - ,,CEP

all expansion
coefficients
positive:
singularity
on the real /{
/.
axis! /

n=2+1, m_=220 MeV —a—
n=2, m_=770 MeV —g—

|
= .
10

CEP
T8

The Resonance gas limit:

—> first non-trivial estimate of T°"F from cg D
second non-trivial estimate of T<** from ¢ T4

= G(T) + F(T) cosh <?

1B

— Pn =V (n+2)(n+1)



Radius of Convergence

Method to determine the CEP:

* find largest temperature were all expansion
coefficients are positive - TCEP

e determine the radius of convergence at that
temperature - ,,CEP

all expansion
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The Resonance gas limit:
—> first non-trivial estimate of T<"F from cg D LB

— = G(T') + F(T) cosh <?

second non-trivial estimate of T<** from ¢ T4
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Radius of Convergence

Method to determine the CEP: . .
* find largest temperature were all expansion | T/ Te(0)
coefficients are positive = TCEP

e determine the radius of convergence at that  Gavai, Gupta Fodor, Katz
temperature - ,,CEP U9 INt=4 Nt=6 Nt=4

all expansion
coefficients
positive:
singularity
on the real /{
/.
axis! /

|
= .
10

CEP
T8

The Resonance gas limit:
—> first non-trivial estimate of T<"F from cg D LB

— = G(T) + F(T) cosh <?

second non-trivial estimate of T<** from ¢ T4

— Pn =V (n+2)(n+1)




Summary

* Taylor expansion coefficients show small cutoff effects (with improved p4fat3
action)

 partial sums of Taylor expansion have to be taken with care, a re-summation
(Pade) might help

* second order expansion of C'gg/g indicate growth of correlations below Tc
(compatible with HRG)

* the radius of convergence determines the position of the CEP

* including 6th order in the approximation of the convergence radius will

decrease approximations for u$**and TC¢EP

* warning: shown results mostly /N.. = 4 and masses are not physical




Hadronic Correlations (at > 0 )
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Compressibility




Isentropic Trajectories

S/Ng=300 = -




